The Y(4220) production in the process of pp → Y(4220)π 0 is studied within the effective Lagrangian approach. We first study the e + e − → Y(4220) → ppπ 0 reaction at center-of-mass energy 4.258 GeV with the assumption that the Y(4220) is a ψ(4S ) state. We show that the inclusion of nucleon and nucleon resonance leads to a quite good description of the experimental data of π 0 p and π 0p invariant mass distributions. Then, the total and angular distributions of the pp → Y(4220)π 0 reaction are investigated. It is shown that the nucleon pole is dominant but the contributions from excited nucleon resonances are non-negligible. The pp → Y(4220)π 0 reaction is useful for studying the property of Y(4220) and our calculated results may be tested at the forthcoming PANDA experiments.
PACS numbers:
I. INTRODUCTION
The study of hadron structure and the spectrum of hadron resonances is one of the most important issues and is attracting much attention. Recently, more and more charmoniumlike states with quantum numbers J PC = 1 −− were discovered, such as Y (4008) [1] . In Refs. [2] [3] [4] [5] these states were studied under the hypothesis that they are the conventional vector charmonium states. However, the unusual properties of some of these states cannot be explained within the traditional quark model [6] [7] [8] [9] . In addition, the discovered vector charmonium states are more than what the potential quark model predicted. Therefore, further studies for these charmoniumlike states are needed, such as the hybrid charmonium, tetraquarks or molecular states [8, 9] .
In 2015, the BESIII and Belle collaborations observed a resonance structure around 4.23 GeV with a narrow width in the processes of e + e − → ωχ c0 [10] and e + e − → π + π − ψ(2S ) [11] , respectively. Similar results were also found in e + e − → π + π − h c reaction [12, 13] . The mass and width of the above observed state (we call it Y(4230) hereafter) is consistent with the ψ(4S ) [5, 14] . Later, the decay of Y(4230) → ωχ c0 was studied by treating the Y(4230) as ψ(4S ) and the theoretical results are consistent with the experimental data [15] . Furthermore, a revisit study of the e + e − → π + π − ψ(2S ) reaction [11] was done in Ref. [16] In 2017, the BESIII collaboration reported a precise measurement of e + e − → π + π − J/ψ reaction at center-of-mass (c.m.) energies between 3.77 to 4.60 GeV [17] . Two resonant structures are observed, one with a mass of 4222.0 ± 3.1 ± 1. [10, 12, 13] , while the second resonance is observed for the first time in the process e + e − → π + π − J/ψ. The Y(4220) resonance is also confirmed in the e + e − → π + π − h c reaction [18] , where the mass M = 4218.4 +5.5 −4.5 ± 0.9 MeV and width Γ = 66.0 +12.3 −8.3 ± 0.4 MeV were obtained. On the theoretical side, one analysis of the recent experimental data on the e + e − → π + π − J/ψ reaction [17] was done in Ref. [19] , where it was found that the Y(4220) must be introduced to reproduce the detailed data around √ s = 4.2 GeV of the e + e − → π + π − J/ψ and e + e − → π + π − h c cross sections. Furthermore, the possibility of Y(4220) as a charmonium ψ(4S ) was also discussed in Ref. [19] . There are also other studies as in Refs. [5, 14, 20] , which provide more evidence of Y(4220) as ψ(4S ).
The study of charmoniumlike states in different production processes supplies useful information on their properties. As a forthcoming experiment to study the charmonium and charmoniumlike XYZ states [21] , the Darmstadt (PANDA) experiment at AntiProton and Ion Research (FAIR) is an alternative platform to study the properties of Y(4220). In this work, we propose to study the Y(4220) state in the low energy pp annihilation within the effective Lagrangian approach. The effective Lagrangian approach has been widely used to study the charmonium production in pp annihilation [22] [23] [24] [25] [26] [27] [28] [29] . However, only the contribution from exchanged nucleon N was considered in these previous works. The influence of excited nucleon resonance N * may be also important [30] [31] [32] . Indeed, in Ref. [32] , the production of ψ(3770) and ψ(3686) in pp annihilation reaction was studied using the effective Lagrangian approach, where the contributions from well-established excited nucleon resonances are also included. In this work, we extend the work of Ref. [32] to study Y(4220) production. We study the e + e − → ppπ 0 [33] to obtain the model parameters, then we calculate the total and differential cross sections of pp → Y(4220)π 0 , which may be tested by the future experiments. Our calculations can provide valuable information of Y(4220) production at the future PANDA experiments. This paper is organized as follow. First, the formalism of the pp → Y(4220)π 0 is presented in Sec. II. Then in Sec. III, we fit the process e + e − → Y(4220) → ppπ 0 to experimental data for obtaining unknown parameters. In Sec. IV, we show the numerical results and make a detailed discussion. Finally, the paper ends with the summary in Sec. V.
II. PRODUCTION OF Y(4220) IN THE pp
The production of charmonium in the low energy pp annihilation process can be achieved by exchange intermediated nucleon states with a light meson emission in the tree level. In this work, we adopt the effective Lagrangian approach to study the production of Y (4220) Fig. 1 , and the interaction vertices of N * Nπ can be described by the following effective Lagrangians [34] [35] [36] [37] [38] [39] [40] ,
where g N * Nπ is coupling constant of N * , N and π particle field and R represents the field of excited nucleon and τ is Pauli matrix. In addition, the notations P 11 , S 11 , P 13 and D 13 stand for different nucleon states with J P = 1/2 + , 1/2 − , 3/2 + and 3/2 − , respectively. For the Y(4220)N * N interaction, we adopt the general coupling form of vector meson and nucleon states [32] 
where V µ stands for the field of the Y(4220) state, and other symbols are similar with those in the Lagrangian of N * Nπ. According to the above effective Lagrangian densities, the scattering amplitude of process pp → Y(4220)π 0 with different intermediate nucleon states can be derived by
where
F (t) and F (u) are form factors for the t-channel and u-channel processes, respectively, and G µν (p) has the following expression
It is worth noting that the form factors F (t/u) for the intermediate off-shell N or N * state are chosen as that used in Refs. [41] [42] [43] [44] 
where the cutoff parameter Λ N * can be parametrized as
with m N * the mass of intermediate nucleon state and Λ QCD =220 MeV, and the free parameter β is unknown, which can be fixed by fitting experimental data. Finally, based on the above scattering amplitude listed in Eqs. (11)- (14), the general differential cross section of pp → Y(4220)π 0 reads
Finally, we determine the coupling constants and the cutoff parameter β, by fitting them to the recent BESIII's measurements of e + e − → ppπ 0 reaction at √ s = 4.008 − 4.6 GeV [33] . In addition, for the parameter β, which is directly related to the form factor of the exchanged nucleon state, it should not be the same for both pp → Y(4220)π 0 and e + e − → Y(4220) → ppπ 0 . Nevertheless, the hadronic form factors in the effective Lagrangian approach are generally very phenomenological [41] [42] [43] [44] and related available experimental information, so we are temporarily unable to distinguish the differences between form factors. We will employ consistent β for both processes of e + e − → Y(4220) → ppπ 0 and pp → Y(4220)π 0 . The Feynman diagrams of e + e − → Y(4220) → ppπ 0 are shown in Fig. 2 (b) . For the γY(4220) coupling vertex, we take the vector meson dominant model, where the corresponding Lagrangian density can be expressed as [45] 
III. THE ANALYSIS OF THE e
where M V and f V are the mass and decay constant of vector meson, respectively, and V µ and A µ correspond to the vector meson field and photon field, respectively. The decay constant f V can be determined by partial width of V → e + e − ,
where α = 1/137 is the fine structure constant. Since the information about the Y(4220) → e + e − is scarce, it is necessary to rely on theoretical predictions. The value of Γ ψ(4S )→e + e − = 0.97 keV is obtained from the color screened potential model [5] . With this value we obtain e/ f ψ(4S ) = e/ f Y(4220) =0.0097.
Besides, we consider also the direct background contribution which is shown in Fig. 2 (a) . The direct scattering amplitude of e + e − → ppπ 0 can be written as [46] (22) with g NoR the coupling constant and,
where f m f donates the sum of the mass of final states of e + e − → ppπ 0 . Here, the direct term provides two more free parameters g NoR and a.
Then, the total scattering amplitude of e + e − → ppπ 0 can be written as (25) with phase space factor
where the overline above M means the average over the spin of initial states e + and e − and the sum over the spin of the final state p andp, and p * 3 stands for the three-momentum of the antiproton in the center-of-mass frame of thepπ system and Mp π is the invariant mass ofpπ.
Next, we perform nine parameters (six coupling constants g N * = g Y(4220)NN * g πNN * for a nucleon pole and five nucleon resonances, β, g NoR and a) χ 2 fit to the experimental data of the invariant mass distributions of pπ 0 andpπ 0 below 1.85 GeV at √ s=4.258 GeV [33] . It is worth mentioning that the coupling constants g Y(4220)NN * and g πNN * always appear by the form of both products in the scattering amplitude, hence we cannot temporarily distinguish their separate values. For the measured cross section data of invariant mass region beyond 1.85 GeV, there is a large contribution from higher excited nucleon states, so we only focus on the experimental data below + are found to be suppressed, so they are not included in this work. The fitted coupling constants g N * are shown in Table I , where the inputs for the nucleon resonances are also shown. The m N * and Γ N * are taken the average value from PDG [1] . The fitted invariant mass distributions ofpπ 0 and pπ 0 are shown in Fig. 3 , where the experimental data are taken from Ref. [33] . The data have been converted by the results of differential cross section dσ/Mp π 0 with measured total cross section σ tot =3.08 pb at √ s=4.258 GeV [33] . The fitted χ 2 /d.o. f = 0.66 is obtained with parameters g NoR = 0.87 ± 0.34, a = 0.646 ± 0.026 and β = 6.74 ± 3.46, and the remaining coupling constants g N * are all listed in Table I . The theoretical results can describe the experimental data quite well. In Fig. 3 , the gray-dashed line represents the contributions of direct background which is shown by Fig. 2 (a) , and the red-dashed line stands for the nucleon pole contributions, while the other color curves correspond to the contributions from different excited nucleon resonances. From Fig. 3 we see that the contributions of direct process are the largest and the contributions from the nucleon pole are relatively moderate and become stable in the invariant mass region beyond 1.3 GeV. In addition, an obvious peak around 1.52 GeV is mainly because of the contributions from N(1440), N(1520) and N(1535) resonances. Finally, we find that the contributions from N(1650) and N(1720) resonances are relatively small, especially for the N(1720) state whose resonant peak structure is nearly disappeared. Fig. 4 , where the black-solid line stands for the total results, while the red-dashed curve and other color line correspond to the contributions from the nucleon pole and different excited nuclear states, respectively. From Fig. 4 , it is found that the contribution from nucleon pole is dominant and the total cross section is increasing rapidly at small √ s and it tends to flat at high √ s, where the contributions from excited nucleon resonances are also important. In addition, it is quite interesting that the results of the excited nucleon states with different quantum numbers J P perform very different behavior. To show the effect from the nucleon pole, we perform a calculation of the angular distributions from only the nucleon pole and the numerical results are given in Fig. 6 . From Figs. 5 and 6, we can see that the shapes of the angular distributions of the nucleon pole and the total contributions are much different. We hope that this feature may be used to determine the reaction mechanisms ofpp → Y(4220)π 0 reaction by future experimental analysis. 
V. SUMMARY
Recently, the BESIII collaboration made progress on searching for vector charmoniumlike states. By analyzing the e + e − → J/ψπ + π − reaction at center-of-mass energy √ s = 3.77 − 4.60 GeV [17] , BESIII indicated that there exist two charmoniumlike structures Y(4220) and Y(4330). Y(4220) also exists in the e + e − → h c π + π − process [18] . Stimulated by the observation of charmoniumlike state Y(4220), in this work we study the production of newly observed charmoniumlike state Y(4220) [17, 18] via the low energy pp → Y(4220)π 0 reaction. For presenting the information of total cross section and the corresponding angular distributions of the pp → Y(4220)π 0 process which is useful to experimental study, we adopt the effective Lagrangian approach, where we consider intermediate nucleon resonance contributions to pp → Y(4220)π 0 and Y(4220) is treated as charmonium ψ(4S ) [15] . In the concrete calculation, some input parameters like coupling constants and cutoff can be fixed by the data of e + e − → ppπ 0 at √ s = 4.258 GeV suggested in Ref. [32] . Our study also indicates that the nucleon pole has a dominant contribution in the pp → Y(4220)π 0 reaction. Additionally, we also find that the contributions from other five wellestablished excited nucleon resonances N(1440), N(1520), N(1535), N(1650) and N(1720) cannot be ignored, since these intermediate excited nuclear states have a sizable contribution to the behavior of the cross section. Thus, the forthcoming PANDA experiment has potential to carry out the study of production of charmoniumlike state Y(4220) through the pp → Y(4220)π 0 reaction, which may provide new way to establish Y(4220) in the future.
Until now, the vector charmonium family has not been well established [1] . It is obvious that the present work is useful for informing additional experimental efforts to fully define the spectroscopy of the J/ψ system in the 4 − 5 GeV mass region. Here, the PANDA experiment will be an important platform to achieve this goal.
